Methods and Materials
Z-contrast imaging in the STEM. We use atomic resolution Z-contrast imaging in the scanning transmission electron microscope (STEM) to show the arrangement of the cation columns at the boundary. The Z-contrast images were obtained using the JEOL 2100 with spherical aberration coefficient of ~0.5mm giving an optimum probe-size of ~1.3 Å (S1). A high-angle annular dark-field (HAADF) detector with an inner angle greater than 50 mrad was used. In these collection conditions, the image contrast of an atomic column in the incoherent Z-contrast image is approximately proportional to the square of the average atomic number (Z). This means that the bright spots in Fig 1 represent the Al columns; the O columns are not visible in these micrographs. The two intensely bright spots in figure 2 correspond to atomic columns containing Y.
Static Lattice Calculations using GULP. To simulate the Σ 31 boundary, we used static lattice calculations via the general utility lattice program (GULP) (S2) . Here, a simulation cell containing two crystal slabs with a total width of about 5 nm width was used, containing 1240, while imposing three-dimensional periodic boundary conditions. Initial atomic positions were determined using coincident site lattice (CSL) theory. In order to take account of rigid body translations of the grain boundary, one of crystal slabs in the simulation cell was rigidly shifted parallel to the grain boundary plane. To consider the relaxations due to interatomic interactions, two-body Buckingham type ionic potentials parameterized by Catlow and James (S3) were employed. Atomic positions and the volume of the simulation cell were optimized under a constant pressure of 0.1 MPa.
For each translation state of the grain boundary model, the grain boundary energy was calculated, and a most stable atomic structure was obtained.
To calculate the substitution of Y to various cation sites, the lowest energy translation state for the undoped case was used as a starting point. Y was then substituted at various sites, and for each case the boundary was allowed to relaxation again by the Buckingham potentials. The formation energy E f of Y Al was obtained by 
Comparison of the Grain Boundary Energies. Our results show that the doping of Y
ions to the GB increases the mechanical strength of the GB by strengthening the bonding at the grain boundary. Stronger bonding should lower the total energy of the grain boundary. Therefore, it is interesting to compare the energies for the pristine and Ydoped GBs. To calculate the GB energy for the undoped case is trivial. As described in the text, we investigated the atomic structure of the pristine GB using a 700-atom supercell. The GB energy is obtained from the difference between the total energy of the 700-atom supercell containing supercell and that of a perfect crystal model of same size.
We find a GB energy of 3.93 J/m 2 . The fairly large GB energy reflects the complexity of the Sigma 31 GB.
To calculate the Y-doped GB energy is a bit more involved since the total energy of the Y-doped GB much be compared with the total energy of a bulk S1. E. James, N.D. Browning, Ultramicroscopy, 78, 125 (1999) .
